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Abstract
Porcine circoviruses (PCV) include PCV1, PCV2, and the new-emerging PCV3. PCV2 is pathogenic to pigs, but the

pathogenicity of PCV3 in pigs is debatable. Recently, there have been frequent reports of PCV2 and PCV3 co-infections in

clinical samples. Thus, it would be practical to develop a duplex PCR method to detect PCV2 and PCV3 simultaneously. In

this study, specific primers and probes were designed to target PCV2 cap and PCV3 rep genes. A duplex real-time PCR

method was then developed to detect the two viruses. The assay was found to be highly specific, sensitive, and reproducible

for PCV2/3 without cross-reactions with other swine pathogens. The sensitivity of this assay was 2.9 copies for the PCV2

plasmid and 22.5 copies for the PCV3 plasmid. The established assay was then used to detect PCV2/3 infection in 340

clinical samples collected in the first half of 2017. The results showed that the co-infection rate of PCV2/3 in the samples

was 27.6%. Our study provides an important tool that can be used to perform urgently needed surveys for the two porcine

circoviruses to evaluate their impact on the swine industry.
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Introduction

Porcine circoviruses (PCV), including PCV1, PCV2, and

PCV3, are small, non-enveloped, single-stranded circular

DNA viruses that belong to the genus Circovirus in the

family Circoviridae (Zhai et al. 2014). PCV1 is a con-

taminant of a porcine kidney cell line and is non-pathogenic

to pigs. In contrast, PCV2 is considered the primary

etiological agent of porcine circovirus-associated diseases

and has caused great economic losses to the swine industry

worldwide (Zhai et al. 2014). The new-emerging PCV3 is

associated with porcine dermatitis, nephropathy syndrome

and reproductive failure, and cardiac and multisystemic

inflammation, and it has been recently reported in the

United States, Poland, South Korea, and China (Kwon

et al. 2017; Palinski et al. 2017; Phan et al. 2016; Shen

et al. 2017; Stadejek et al. 2017). Since its first report in

December 2016, the co-infection of PCV3 with PCV2 has

been frequently reported in clinical samples of diseased

pigs (Ku et al. 2017). However, PCV2 and PCV3 were

tested separately using different PCR methods in the above

reports. It is more practical to detect PCV2 and PCV3 in

clinical samples simultaneously. Therefore, in this study,

we developed a duplex PCR method targeting the cap and

rep gene for identifying PCV2 and PCV3 simultaneously.
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Materials and Methods

Construction of PCV2 and PCV3 Plasmids

The cap gene sequence of PCV2 (GenBank Access No.

AY556475.1) and rep gene sequence of PCV3 (GenBank

Access No. MF769805) were synthesized and cloned into

the pMD19 vector (Fig. 1). The constructed plasmids

pMD19-PCV2 and pMD19-PCV3 were transformed into

TOP10 competent cells (Thermo Fisher Scientific, USA).

The constructed plasmids were then extracted using

QIAGEN Plasmid Midi Kits and used as templates for real-

time PCR optimization. The plasmids were quantified

using a ND-2000c spectrophotometer (NanoDrop,

Wilmington, USA), and the copy numbers of the plasmids

were calculated as previously described (Yun et al. 2006).

To test the sensitivity of the established real-time PCR,

tenfold continuous dilutions of the constructed plasmids

with TE buffer (10 mmol/L Tris–HCl, 1 mmol/L EDTA)

were used as templates.

Viruses

PCV1 (NVC-PCV101), porcine reproductive and respira-

tory syndrome virus (JXA1), porcine pseudorabies virus

(HN1201), porcine parvovirus (NVC-PPV01), classical

swine fever virus (NVC-CSFV01), and porcine epidemic

diarrhea virus (NVC-PEDV01) were stored at the National

Research Center for Veterinary Medicine. Viral DNA and

RNA were extracted using TIANamp virus genomic DNA/

RNA kits (Tiangen, Beijing China) according to the man-

ufacturer’s instructions before being used as the templates

for the specificity test in this study.

Primers and Probes for PCV2/3 Real-Time PCR

DNASTAR software (DNASTAR Inc., Madison, WI,

USA) was used to confirm the highly conserved regions

within the cap and rep gene in the PCV2 and PCV3 gen-

omes. Primer Express 3.0 software (Applied Biosystems,

Foster City, CA, USA) was then used to design the primers

and probes. For PCV2, the forward primer was PCV2-F: 50-
CCCTGTCACCCTGGGTGAT-30, the reverse primer

was PCV2-F: 50-CCTGTGCCCTTTGAATACTACAGA-30,
and the TaqMan probe was PCV2-P: FAM-50-TAAGGT
TGAATTCTGGCCCTGCTCCC30-Eclipse. For PCV3, the
forward primer was PCV3-F: 50-CAAGAAAGAGGGGGA
TTACC-30, the reverse primer was PCV3-R: 50-GCTTGA
AGATCCGATCTGG-30, and the TaqMan probe was

PCV3-P: hex-50-GGCGAAGATTCCTC-30-MGB. The

lengths of the PCV2 and PCV3 amplicons were 82 and 69

base pairs, respectively.

Real-Time PCR

Real-time PCR was performed using an ABI 7500 instru-

ment (Applied Biosystems, Foster City, USA). The real-

time PCR mixture contained 12.5 lL Premix Ex Taq

(Takara, Dalian, China), 1 lL template DNA, 1 lL primers

(1 lmol/L), 1 lL probe (0.5 lmol/L), and sterile water to

bring the final volume to 25 lL. The amplification

parameters were set as 95 �C for 30 s, followed by 40

cycles of 95 �C for 10 s, and 60 �C for 30 s. The threshold

was established as the default of the 7500 system SDS

software before further raw data processing.

Sensitivity and Specificity of PCV2/3 Duplex Real-
Time PCR

The sensitivity of the established duplex real-time PCR

was determined using serial tenfold dilutions (103–1010

dilutions for pMD19-PCV2 and 101–109 dilutions for

pMD19-PCV3) of plasmids as templates. The standard

curves for PCV2 and PCV3 were generated, and the

threshold cycle (Ct) of these standard dilutions was plotted

against the log value of the copy number of the corre-

sponding standard plasmid.

The specificity of the established duplex real-time PCR

was tested using the DNA or cDNA of above-mentioned

porcine viruses as templates, which was subjected to real-

time PCR to detect PCV2 and PCV3.

Reproducibility of the PCV2/3 Duplex Real-Time
PCR

To assess the intra- and inter-assay reproducibility of the

real-time PCR, 107, 105, and 103 copies of plasmids were

tested five different times. The intra- and inter-assay

coefficients of variation (CV) for the Ct values were

calculated.

Application of the PCV2/3 Duplex Real-Time PCR
to Clinical Samples

Three hundred forty clinical samples, including lungs,

lymph nodes, and tonsils, were collected from diseases pigs

on 15 farms in Henan province in the first half of 2017.

Viral DNA was extracted as described above and used as

templates to detect PCV2 and PCV3 using the established

duplex real-time PCR. This study was performed in strict

accordance with the regulations in the guide for the care

and use of laboratory animals of the National Research

Center for Veterinary Medicine.
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Fig. 1 A Schematic presentation of the PCV2 and PCV3 plasmid construction. B Target fragment and primers.
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Results

Optimization of the PCV2/3 Duplex Real-Time
PCR

Sixteen PCV3 strains were retrieved from GenBank and

aligned to design the primers and probes (Supplementary

Table S1). The primers and probes were optimized to

contain the strongest fluorescence and the lowest threshold

cycle with different concentrations. The final optimized

concentrations of the primers and probes were 1 lL pri-

mers (1 lmol/L) and 1 lL probe (0.5 lmol/L) for both

PCV2 and PCV3.

Specificity of the PCV2/3 Duplex Real-Time PCR

To assess the specificity of the duplex real-time PCR, the

DNAs or cDNAs from PCV1, porcine reproductive and

respiratory syndrome virus, porcine pseudorabies virus,

porcine parvovirus, classical swine fever virus, and porcine

epidemic diarrhea virus were used as templates in the

established PCV2/3 duplex real-time PCR. As shown in

Fig. 2, the duplex real-time PCR assay was able to detect

and differentiate between PCV2 and PCV3 independently

and simultaneously. In contrast, the other swine pathogens

were not detected, demonstrating the high specificity of the

established PCV2/3 duplex real-time PCR.

Sensitivity and Reproducibility of the PCV2/3
Duplex Real-Time PCR

The sensitivity of the PCV2/3 duplex real-time PCR was

tested using serial tenfold dilutions of the constructed

pMD19-PCV2 and pMD19-PCV3 plasmids. As shown in

Fig. 3, the detection limits of the duplex real-time PCR

were 2.9 copies for PCV2 and 22.5 copies for PCV3. The

reproducibility of the assay was determined by testing three

concentrations of plasmids five different times. The intra-

assay CVs of 107, 105, and 103 copy numbers of PCV2

were 0.31%, 0.44%, and 0.41%, and the respective inter-

assay CVs were 1.33%, 1.52%, and 1.14%. For PCV3, the

intra-assay CVs of 107, 105, and 103 copy numbers were

0.53%, 0.48%, and 0.67%, and the respective inter-assay

CVs were 1.69%, 1.47%, and 1.54%.

Application of the PCV2/3 Duplex Real-Time PCR
to Clinical Samples

The established PCV2/3 duplex real-time PCR was applied

to detect PCV2 and PCV3 DNAs in 340 clinical samples.

The results showed that 68.2% of clinical samples (232/

340) were PCV2 PCR positive, 44.4% of clinical samples

(151/340) were PCV3 PCR positive, and 27.6% of clinical

samples (94/340) were both PCV2 and PCV3 PCR positive

(Table 1). The positive PCR products were confirmed by

gene sequencing (Genewiz, Suzhou, China). Among the

different types of tissues, the highest frequency of PCV2-

positive clinical tissues was found in tonsil samples, fol-

lowed by lung and lymph node samples. In contrast, the

highest frequency of PCV3-positive clinical tissues was

found in lung samples, followed by lymph node and tonsil

samples (Table 1).
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Fig. 2 Specificity of the PCV2/3 duplex real-time PCR. A Specificity

of the duplex real-time PCR for PCV2. B Specificity of the duplex

real-time PCR for PCV3. C Specificity of the duplex real-time PCR

for PCV2 and PCV3. The DNAs or cDNAs of swine viruses were

used as templates. Other pathogens included PCV1, porcine repro-

ductive and respiratory syndrome virus, porcine pseudorabies virus,

porcine parvovirus, classical swine fever virus, and porcine epidemic

diarrhea virus.
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Discussion

PCV3 has been reported to be prevalent in the United

States, Poland, South Korea, and China since 2016 (Ku

et al. 2017; Kwon et al. 2017; Palinski et al. 2017; Stadejek

et al. 2017). Clinically, porcine dermatitis, nephropathy

syndrome and reproductive failure, and cardiac and

multisystemic inflammation have been reported to be

associated with PCV3 infection (Ku et al. 2017; Phan et al.

2016). Therefore, it is imperative to conduct PCV3

epidemiological surveys to evaluate its impact on the swine

industry. PCV2 has been frequently found to be co-infected

with PCV3 in clinical samples (Ku et al. 2017). In previous

reports, PCV2 and PCV3 were detected separately using

individual conventional PCR or real-time PCR (Wang et al.

2017). It is more practical to develop a duplex real-time

PCR method to detect and differentiate between PCV2 and

PCV3 DNAs in clinical samples simultaneously. There-

fore, we, for the first time, developed such a duplex PCR

and applied it to clinical samples.

In the present study, the established PCV2/3 duplex real-

time PCR showed high specificity and sensitivity but low

intra- and inter-assay CVs, which indicated that the assay

can provide accurate and producible detection. Further-

more, the duplex real-time PCR can be utilized as a single

PCV2 or PCV3 assay or combined into a duplex assay

without impacting the quality of the results, making it more

adaptable to field samples. Similar to PCV2, PCV3 was

reported to mainly infect macrophages in lymphoid tissues

(Palinski et al. 2017). Therefore, 340 clinical samples were

then used to detect PCV2 and PCV3 DNAs using the

established duplex real-time PCR. Consistent with previous
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Fig. 3 Sensitivity of the PCV2/3 duplex real-time PCR. A Sensitivity

of the duplex real-time PCR for PCV2. (1–8): 103–1010 dilutions of

pMD19-PCV2 plasmid were used as the templates for real-time PCR.

B Sensitivity of the duplex real-time PCR for PCV3. (1–9): 101–109

dilutions of pMD19-PCV3 plasmid were used as the templates for

real-time PCR.

Table 1 Summary of PCV2/3

detection in 340 clinical

samples using the established

real-time PCR.

Samples PCV2? PCV3? PCV2? PCV3?

Lung 75/98 (76.5%) 66/98 (67.3%) 34/98 (34.7%)

Lymph node 93/162 (57.4%) 75/162 (46.3%) 51/162 (31.5%)

Tonsil 64/80 (80.0%) 10/80 (12.5%) 9/80 (11.3%)

Total 232/340 (68.2%) 151/340 (44.4%) 94/340 (27.6%)
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reports, the co-infection rate of PCV2 and PCV3 in these

clinical samples reached 27.6%, which indicated that

PCV3 may play a role in PCV2-associated diseases

(Wang et al. 2017). The above results were consistent with

a previous report in which 22.3% of 76 clinical

PCV3-positive samples were found to be co-infected with

PCV2 (Fu et al. 2018). To date, all efforts to isolate PCV3

from primary cells and cell lines have failed. Therefore,

successful virus isolation from cells will be the top priority

for future studies on PCV3.

To conclude, a duplex real-time PCR method for the

detection of PCV2 and PCV3 was established in this study.

The assay was proved to be sensitive, specific, reliable, and

feasible for clinical samples. This newly developed assay

represents a useful tool for the clinical diagnosis of PCV2

and PCV3 infections.
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